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(54) Location-determining system for radio clients within local-area spaces

(57) Systems, devices, features, and/or methods for
determining a location of a mobile device are disclosed.
A method may include (a) receiving, into a mobile device,
a common RF signal on a common carrier frequency,
wherein the common RF signal includes a respective RF
signal output by each of three or more transmitters on a
common time basis in a round-robin manner, and where-
in each of the three or more transmitters is positioned at
a known location, (b) capturing data representing the
common RF signal, (c) based on the captured data, dis-
criminating between each respective RF signal that forms
the received common RF signal, (d) determining a rela-
tive phase shift of each respective RF signal, and (e)
determining the location of the mobile device based on
the determined relative phase shifts and the known lo-
cations of the three or more transmitters.
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Description

BACKGROUND OF THE INVENTION

[0001] One emerging area of wireless communica-
tions is the provision of services based on a location of
a mobile device. These location-based services may take
various forms. For example, a location-based service
may provide a user of the mobile device with a weather
or traffic report relevant to the user’s location. As another
example, a location-based service may provide the user
with a list of services or establishments (e.g., restaurants,
parks, theatres, etc.) in the user’s vicinity. As still another
example, a location-based service may provide the user
with an advertisement or coupon relevant to a product in
the user’s vicinity.
[0002] To facilitate the provision of location-based
services to a user of a mobile device, a location-based
service provider accurately determines and/or tracks the
location of the mobile device. Various technologies cur-
rently exist to determine and/or track the location of a
mobile device, the most prevalent of which are Global
Positioning System (GPS) technologies and cellular net-
work technologies. However, these technologies have
drawbacks regarding accurate determination and/or
tracking of a mobile device location, such as in an indoor
environment. Accordingly, an improved location-deter-
mination system that is capable of accurately determining
and/or tracking the location of a mobile device, such as,
for example, in an indoor environment, is desirable.

SUMMARY OF THE INVENTION

[0003] According to one aspect, a method of determin-
ing a location of a mobile device is provided. For example,
the method may include (a) receiving, into a mobile de-
vice, a common RF signal on a common carrier frequen-
cy, wherein the common RF signal includes a respective
RF signal output by each of three or more transmitters
on a common time basis in a round-robin manner, and
wherein each of the three or more transmitters is posi-
tioned at a known location, (b) capturing data represent-
ing the common RF signal, (c) based on the captured
data, discriminating between each respective RF signal
that forms the received common RF signal, (d) determin-
ing a relative phase shift of each respective RF signal,
and (e) determining the location of the mobile device
based on the determined relative phase shifts and the
known locations of the three or more transmitters.
[0004] According to an aspect of the invention, there
is provided a method of determining a location of a mobile
device, the method comprising: receiving, into a mobile
device, a common RF signal on a common carrier fre-
quency, wherein the common RF signal includes a re-
spective RF signal output by each of three or more trans-
mitters on a common time basis in a round-robin manner,
and wherein each of the three or more transmitters is
positioned at a known location; capturing data represent-

ing the common RF signal; based on the captured data,
discriminating between each respective RF signal that
forms the received common RF signal; determining a rel-
ative phase shift of each respective RF signal; and de-
termining the location of the mobile device based on the
determined relative phase shifts and the known locations
of the three or more transmitters.
[0005] In some embodiments, the common RF signal
comprises repeating periods of timeslots, wherein each
period of timeslots includes at least one timeslot occupied
by a respective signal segment output by each of the
three or more transmitters in a round-robin manner. Each
period of timeslots may further include at least one un-
occupied timeslot that distinguishes the period of times-
lots from an adjacent period of timeslots. Each respective
signal segment may comprise an integral number of cy-
cles of a periodic signal. Each respective signal segment
may comprise a header segment and an identifier seg-
ment that uniquely identifies one of the three or more
transmitters.
[0006] In some embodiments, capturing the data rep-
resenting the common RF signal comprises capturing a
timestamp of each zero-crossing of the common RF sig-
nal.
[0007] In some embodiments, capturing the data rep-
resenting the common RF signal comprises capturing a
timestamp of each edge of the common RF signal.
[0008] In some embodiments, discriminating between
each respective RF signal that forms the received com-
mon RF signal comprises identifying which of the respec-
tive RF signals was output by which of the three or more
transmitters.
[0009] In some embodiments, determining the location
comprises the mobile device determining the location,
and the method further comprises: the mobile device re-
porting the determined location to a server.
[0010] In some embodiments, the method further com-
prises the mobile device reporting the captured data to
a server, determining the relative phase shift of each re-
spective RF signal comprises the server determining the
relative phase shift of each respective RF signal, and
determining the location comprises the server determin-
ing the location.
[0011] In some embodiments, the location of the mo-
bile device comprises one or both of a local coordinate
and a geographic coordinate.
[0012] According to an aspect of the invention, there
is provided a method of determining a location of a mobile
device, the method comprising: three or more transmit-
ters each outputting a respective radio frequency (RF)
signal on a common time basis and a common carrier
frequency in a round-robin manner, wherein the three or
more transmitters are each positioned at a known loca-
tion; receiving, via a mobile device, data representing a
common RF signal on the common carrier frequency,
wherein the common RF signal includes the respective
RF signal output by each of the three or more transmit-
ters; based on the received data, discriminating between
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each respective RF signal that forms the received com-
mon RF signal; determining a relative phase shift of each
respective RF signal; and determining the location of the
mobile device based on the determined relative phase
shifts and the known locations of the three or more trans-
mitters.
[0013] In some embodiments, the method further com-
prises using a common signal source (CSS) to drive the
three or more transmitters to each output a respective
RF signal on a common time basis and a common carrier
frequency in a round-robin manner.
[0014] In some embodiments, the three or more trans-
mitters each outputting a respective RF signal on a com-
mon time basis and a common carrier frequency in a
round-robin manner comprises: the three or more trans-
mitters each periodically outputting a segment of a com-
mon drive signal from the CSS on a common time basis
and a common carrier frequency in a round-robin man-
ner. Each segment of the common drive signal may com-
prise an integral number of cycles of a periodic signal.
Each segment of the common drive signal may comprise
a header segment and an identifier segment that uniquely
identifies one of the three or more transmitters.
[0015] In some embodiments, capturing the data rep-
resenting the common RF signal comprises capturing a
timestamp of each zero-crossing of the common RF sig-
nal.
[0016] In some embodiments, capturing the data rep-
resenting the common RF signal comprises capturing a
timestamp of each edge of the common RF signal.
[0017] In some embodiments, discriminating between
each respective RF signal that forms the received com-
mon RF signal comprises identifying which of the respec-
tive RF signals was output by which of the three or more
transmitters.
[0018] According to an aspect of the invention, there
is provided a system configured to determine a location
of a mobile device, the system comprising: three or more
transmitters each configured to output a respective radio
frequency (RF) signal on a common time basis and a
common carrier frequency in a round-robin manner,
wherein the three or more transmitters are each posi-
tioned at a known location; and a mobile device config-
ured to (a) receive a common RF signal on the common
carrier frequency, wherein the common RF signal in-
cludes the respective RF signal output by each of the
three or more transmitters, (b) capture data representing
the common RF signal, (c) based on the captured data,
discriminate between each respective RF signal that
forms the received common RF signal, (d) determine a
relative phase shift of each respective RF signal, and (e)
determine the location of the mobile device based on the
determined relative phase shifts and the known locations
of the three or more transmitters.
[0019] In some embodiments, the system further com-
prises: a common signal source (CSS) coupled to each
of the three or more transmitters via a respective link and
configured to drive the three or more transmitters to out-

put a respective RF signal on a common time basis and
a common carrier frequency in a round-robin manner;
and a server configured to store a determined location
of the mobile device.
[0020] According to an aspect of the invention, there
is provided a system configured to determine a location
of a mobile device, the system comprising: a common
signal source (CSS); and three or more transmitters cou-
pled to the CSS via a respective link, wherein each of
the three or more transmitters are positioned at a known
location, wherein the CSS is configured to drive the three
or more transmitters to output a respective radio frequen-
cy (RF) signal on a common time basis and a common
carrier frequency in a round-robin manner, and wherein
the three or more transmitters are configured to output a
respective RF signal on a common time basis and a com-
mon carrier frequency in a round-robin manner, and
wherein data representing a common RF signal on the
common carrier frequency is received via a mobile de-
vice, wherein the common RF signal includes the respec-
tive RF signal output by each of the three or more trans-
mitters, wherein, based on the received data, each re-
spective RF signal that forms the received common RF
signal is discriminated, wherein a relative phase shift of
each respective RF signal is determined, and wherein
the location of the mobile device is determined based on
the determined relative phase shifts and the known lo-
cations of the three or more transmitters.
[0021] The present invention is defined by the following
claims, and nothing in this section should be taken as a
limitation on those claims. Further aspects and advan-
tages of the invention are discussed below in conjunction
with the preferred embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022]

Figure 1 is a simplified block diagram of exemplary
communication system configured to determine a lo-
cation of a mobile device within an indoor environ-
ment;
Figure 2 is a simplified flow chart of an exemplary
method 30 for determining a location of a mobile de-
vice within an indoor environment;
Figure 3 (a) illustrates a portion of a common drive
signal generated by the central signal source (CSS)
in the system of Figure 1, according to an example
of a first embodiment;
Figure 3(b) illustrates a portion of a respective times-
lot assignment signal for each of the transmitters in
the system of Figure 1, according to an example of
the first embodiment;
Figure 3(c) illustrates a portion of respective radio
frequency (RF) signal output by each of the trans-
mitters in the system of Figure 1, according to an
example of the first embodiment;
Figure 3(d) illustrates a portion of a common RF sig-
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nal received by the mobile device in the system of
Figure 1, according to an example of the first em-
bodiment;
Figure 4(a) illustrates a portion of a common drive
signal generated by the CSS in the system of Figure
1, according to an example of a second embodiment;
Figure 4(b) illustrates a portion of a respective times-
lot assignment signal for each of the transmitters in
the system of Figure 1, according to an example of
the second embodiment;
Figure 4(c) illustrates a portion of respective RF sig-
nal output by each of the transmitters in the system
of Figure 1, according to an example of the second
embodiment;
Figure 4(d) illustrates a portion of a common RF sig-
nal received by the mobile device in the system of
Figure 1, according to an example of the second em-
bodiment; and
Figure 5 illustrates a portion of the respective RF
signals generated by the CSS in the system of Figure
1, according to an example of a third embodiment.

DETAILED DESCRIPTION OF THE PRESENTLY PRE-
FERRED EMBODIMENTS

I. Exemplary Location-Determination System

[0023] Figure 1 is a simplified block diagram of exem-
plary communication system 10 configured to determine
a location of a mobile device within an indoor environment
22. As shown, communication system 10 may include a
common signal source (CSS) 12 coupled to transmitters
14A- 14D via links 16A-16D, a mobile device 18, and a
central server 20. Other configurations may be provided
as well.
[0024] It should be understood that the arrangements
described herein are set forth for purposes of example
only. As such, those skilled in the art will appreciate that
other arrangements and other elements (e.g., compo-
nents, interfaces, functions, orders of functions, etc.) can
be used instead, some elements may be added, and/or
some elements may be omitted altogether. Further, those
skilled in the art will appreciate that many of the elements
described herein are functional elements that may be
implemented as discrete or distributed components or in
conjunction with other components, and in any suitable
combination and location. Still further, various functions
described herein as being performed by one or more en-
tities may be carried out by hardware, firmware and/or
software. For instance, various functions may be carried
out by a processor executing a set of program instructions
written in any suitable programming language (e.g., C,
C++, Java, etc.) and stored in memory.
[0025] CSS 12 may be any device configured to drive
each of transmitters 14A-14D to output a respective radio
frequency (RF) signal on a common time basis (i.e., CSS
12 may drive each of transmitters 14A-14D such that act
as slave clocks that are coordinated with a master clock,

and thus output respective RF signals that are synchro-
nized according to the master clock). CSS 12 may include
various components that enable it to perform this func-
tion. For instance, CSS 12 may include a high-precision
master clock (e.g., a 300 MHz clock), one or more signal
generators (e.g., a square wave generator, a sinusoidal
wave generator, etc.), and one or more line drivers (e.g.,
differential line drivers). Additionally, in some embodi-
ments, CSS 12 may include delay circuitry. Other con-
figurations of CSS 12 are possible as well.
[0026] Each of transmitters 14A-14D maybe any device
configured to be driven by CSS 12 to output a respective
RF signal on a common time basis. Each of transmitters
14A-14D may include various components that enable
the transmitter to perform this function. For instance,
each of transmitters 14A-14D may include a line receiver
(e.g., a differential line receiver), an amplifier, and an
antenna. Additionally, in some embodiments, each of
transmitters 14A-14D may include a modulator. Other
configurations of transmitters 14A-14D are possible as
well.
[0027] In the embodiments described herein, transmit-
ters 14A-14D are positioned at fixed locations within in-
door environment 22. For example, transmitters 14A-14D
may be affixed to or embedded in walls, ceilings, and/or
floors within the indoor environment 22. Other examples
are possible as well. Each of transmitters 14A-14D may
thus have a known location within indoor environment 22
(e.g., a local coordinate). Further, in some embodiments,
each of transmitters 14A-14D may have a known location
within a global environment (e.g., a geographic coordi-
nate) as well.
[0028] Each of links 16A-16D may be any wired and/or
wireless link configured to carry one or more signals from
CSS 12 to one of transmitters 14A-14D. For instance,
each of links 16A-16D may include a first cable (e.g., a
twisted-pair copper cable) configured to carry a first sig-
nal from CSS 12 to one of transmitters 14A-14D. Addi-
tionally, in some embodiments, each of links 16A-16D
may include a second cable (e.g., a twisted-pair copper
cable) configured to carry a second signal from CSS 12
to one of transmitters 14A-14D. Each of links 16A-16p
may take other forms as well.
[0029] In the embodiments described herein, each of
links 16A-16D will have defined transmission properties,
such as length and propagation speed. For instance,
links 16A-16D may all have the same defined transmis-
sion properties. Alternatively, links 16A-16D may have
different defined transmission properties. In either case,
CSS 12 may use the defined transmission properties of
links 16A-16D to ensure that all transmitters 14A-14D are
being driven on a common time basis.
[0030] Mobile device 18 may be any device configured
to receive and process RF signals from transmitters 14A-
14D and send wireless communications to central server
20. The mobile device 18 is a personal navigation device
("PND"), a portable navigation device, a cellular tele-
phone, a mobile phone, a personal digital assistant
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("PDA"), a watch, a camera, a computer, and/or any other
mobile device. Mobile device 18 may include various
components that enable it to perform the recited func-
tions. For instance, mobile device 18 may include a mi-
croprocessor, an RF receiver (e.g., an amplitude modu-
lation (AM) receiver, a phase-shift keying (PSK) receiver/
demodulator, etc.), and a wireless transceiver (e.g., an
802.11 chipset). Further, in some embodiments, mobile
device 18 may include timestamping circuitry, such as
an edge detector configured to detect a rising/falling edge
or a zero-crossing (e.g., high-speed comparator), a high-
frequency timestamping clock configured to define a
master time base (e.g., a 300 MHz cyclical 32-bit coun-
ter), and a timestamp latch configured to generate an
interrupt signal when each new edge is captured). Fur-
ther yet, in other embodiments, mobile device 18 may
include an analog-to-digital (A/D) converter configured
to capture signal strength samples and generate inter-
rupts at a predefined rate (e.g., 50 MHz). As examples,
mobile device 18 may take the form of a cell phone, a
personal navigation device (PND), or a tag. Other con-
figurations of mobile device 18 are possible as well.
[0031] Central server 20 may be any device configured
to receive and store data regarding a location of mobile
device 18 (as well as other mobile devices) within indoor
environment 22. Central server 20 may include various
components that enable it to perform these functions.
For instance, central server 20 may include a processor,
data storage, and a wireless transceiver (e.g., an 802.11
card). Other configurations of central server 20 are pos-
sible as well.

II. Exemplary Location-Determination Method

[0032] Figure 2 is a simplified flow chart of an exem-
plary method 30 for determining a location of a mobile
device within an indoor environment. Fewer or more
steps may be provided. For purposes of illustration, ex-
emplary method 30 will be described with reference to
communication system 10 determining a location of mo-
bile device 18 within indoor environment 22, but it should
be understood that exemplary method 30 may be appli-
cable to other systems as well. In one example, one or
more steps of exemplary method 30 may be embodied
as program instructions stored on a non-transitory com-
puter-readable medium and executable by a processor.
[0033] As shown in Figure 2, exemplary method 30
begins at step 32 with CSS 12 driving each of transmitters
14A-14D to output a respective RF signal on a common
time basis. In turn, at step 34, each of transmitters 14A-
14D may be outputting a respective RF signal on a com-
mon time basis.
[0034] At step 36, mobile device 18 may be receiving
a respective RF signal from each of transmitters 14A-
14D. In turn, at step 38, mobile device 18 may capture
data representing the respective RF signals. At step 40,
mobile device 18 may also optionally report the captured
data representing the respective RF signals to central

server 20.
[0035] At step 42, based on the captured data repre-
senting the respective RF signals, mobile device 18
and/or central server 20 may discriminate between the
respective RF signals and thereby identify which respec-
tive RF signal was output by which of transmitters 14A-
14D. In turn, at step 44, mobile device 18 and/or central
server 20 may calculate a phase shift value of each re-
spective RF signal. At step 46, mobile device 18 and/or
central server 20 may then use the calculated phase shift
values and the known location(s) of each of transmitters
14A-14D to determine a location of mobile device 18 (e.g.,
a location coordinate and perhaps a geographic coordi-
nate).
[0036] At step 48, if mobile device 18 determines its
location, mobile device 18 may also report the deter-
mined location to central server 20. At step 50, central
server 20 may then store the determined location of mo-
bile device 18 for future reference.
[0037] Advantageously, the exemplary location-deter-
mination method may enable communication system 10
to accurately determine and/or track the location of mo-
bile device 18. In turn, a location-based service provider
may use the determined location of mobile device 18 to
provide a user of mobile device 18 with location-based
services. For example, if mobile device 18 is located in
a store (e.g., a retail store or a grocery store) in which
locations are being monitored by communication system
10, a location-based service provider may be able to pro-
vide a user of mobile device 18 with an advertisement or
coupon relevant to a product in the user’s vicinity. Many
other examples are possible as well.

III. Embodiments of the Exemplary Location-Determina-
tion Method

[0038] Embodiments of exemplary method 30 will now
be described. As above, for purposes of illustration, the
embodiments of exemplary method 30 will be described
with reference to communication system 10 determining
a location of mobile device 18 within indoor environment
22, but it should be understood that exemplary method
30 may be applicable to other systems as well.

a. First Embodiment

[0039] A first embodiment of exemplary method 30 be-
gins at step 32 with CSS 12 driving each of transmitters
14A-14D to output a respective RF signal on a common
time basis and a common carrier frequency in a round-
robin manner. For instance, CSS 12 may be generating
a common drive signal that has repeating periods of
timeslots, each having at least one timeslot assigned to
each of transmitters 14A-14D in a round-robin manner
and at least one unassigned timeslot. Each timeslot may
be occupied by a respective signal segment of the com-
mon drive signal. The arrangement of these timeslot pe-
riods may take various forms, and may be a known sys-
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tem parameter. In one example, as shown in Figure 3(a),
each period of timeslots of the common drive signal may
be arranged to have a first timeslot assigned to transmit-
ter 14A, a second timeslot assigned to transmitter 14B, a
third timeslot assigned to transmitter 14C, a fourth times-
lot assigned to transmitter 14D, and a fifth timeslot that
is unassigned. Other examples are possible as well.
[0040] Each signal segment may take various forms.
For example, each signal segment may take the form of
an integral number of cycles (e.g., 64 cycles) of a periodic
waveform having a common frequency, such as a sinu-
soidal wave having a frequency in the long-wave or me-
dium-wave band range (e.g., 148.5 KHz to 283.5 KHz or
520 KHz to 1710 KHz) or a square wave having a fre-
quency in the baseband range (e.g., 5 KHz to 20 KHz).
In this respect, CSS 12 may generate the common drive
signal as a continuous waveform. Other examples are
possible as well.
[0041] To communicate the timeslot assignments to
transmitters 14A-14D, CSS 12 may additionally be gen-
erating for each of transmitters 14A-14D a respective
timeslot assignment signal that identifies which timeslots
in the common drive signal are assigned to the transmit-
ter. Each such timeslot assignment signal may take var-
ious forms. For example, as shown in Figure 3(b), each
timeslot assignment signal may take the form of a bit
sequence, with each "1" bit identifying the timeslot in the
parallel common drive signal as being assigned to the
transmitter and each "0" bit identifying the timeslot in the
parallel common drive signal as being assigned to a dif-
ferent transmitter. Other examples are possible as well.
[0042] CSS 12 may then be outputting to each of trans-
mitters 14A-14D the common drive signal and a respec-
tive timeslot assignment signal. In this respect, CSS 12
may be delaying the output of the common drive signal
and a respective timeslot assignment signal to at least
one of transmitters 14A-14D, to ensure that all of trans-
mitters 14A-14D receive these signals on a common time
basis. For instance, CSS 12 may be delaying the output
of these signals to each of transmitters 14A-14D in an
amount that is inversely proportional to the length of the
transmitter’s link (e.g., zero or minimum delay for the
longest link and maximum delay for the shortest link).
Other examples are possible as well. As a result of CSS
12 outputting to each of transmitters 14A-14D the com-
mon drive signal and a respective timeslot assignment
signal, each of transmitters 14A-14D may then be receiv-
ing the common drive signal and a respective timeslot
assignment signal on a common time basis.
[0043] At step 34, each of transmitters 14A-14D may
be outputting a respective RF signal on a common time
basis and a common carrier frequency in a round-robin
manner (i.e., only one of transmitters 14A-14D is output-
ting an RF signal at any one time). For instance, as shown
in Figure 3(c), each of transmitters 14A-14D may be out-
putting a segment of the received common drive signal
during each of its assigned timeslots as an unmodulated
or modulated RF signal on the common carrier frequen-

cy. In this respect, as shown, each of transmitters 14A-
14D may stop transmitting before the end of each as-
signed timeslot, to ensure that its output does not overlap
with another transmitter’s output. Alternatively, however,
each of transmitters 14A-14D may transmit during the en-
tire duration of each assigned timeslot. In either case,
each of transmitters 14A-14D may enable its power during
each of its assigned timeslots (as identified by the times-
lot assignment signal) and disable its power during any
other timeslot (as identified by the timeslot assignment
signal). Other examples are possible as well.
[0044] At step 36, mobile device 18 may be receiving
a common RF signal on the common carrier frequency
that includes a respective RF signal from each of trans-
mitters 14A-14D. For instance, mobile device 18 may be
receiving a common RF signal on the common carrier
frequency that includes repeating periods of timeslots,
each having (a) at least one timeslot occupied by a re-
spective signal segment received from each of transmit-
ters 14A-14D in a round-robin manner and (b) at least
one unoccupied timeslot. For example, as shown in Fig-
ure 3(d), each period of timeslots of the received common
RF signal may have a first timeslot occupied by a signal
segment received from transmitter 14A, a second times-
lot occupied by a signal segment received from transmit-
ter 14B, a third timeslot occupied by a signal segment
received from transmitter 14C, a fourth timeslot occupied
by a signal segment received from transmitter 14D, and
a fifth timeslot that is unoccupied. Further, as shown, the
respective signal segments from each of transmitters
14A-14D may have a phase shift relative to one another
due to the differences in transmission times (and thus
distances) between each of transmitters 14A-14D and
mobile device 18. (While Figure 3(d) depicts the timeslots
of the received common RF signal as being defined
based on the signal segment received from transmitter
14A, it should be understood that the timeslots may al-
ternatively be defined based on a signal segment re-
ceived from one of transmitters 14B-14D.) Other exam-
ples are possible as well.
[0045] At step 38, mobile device 18 may capture data
representing the received common RF signal. For in-
stance, mobile receiver 18 may capture a timestamp of
each zero-crossing of the received common RF signal
(e.g., for a sinusoidal wave). Alternatively, mobile device
18 may capture a timestamp of each rising and/or falling
edge of the received RF signals (e.g., for a square wave).
Other examples are possible as well. At step 40, mobile
device 18 may also optionally report the captured data
representing the received common RF signal to central
server 20.
[0046] At step 42, based on the captured data repre-
senting the received common RF signal, mobile device
18 and/or central server 20 may discriminate between
each respective RF signal that forms the received com-
mon RF signal. For instance, based on the captured data
representing the received common RF signal, mobile de-
vice 18 and/or central server 20 may first identify a times-
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lot of the received common RF signal that is unoccupied
(e.g., a time period with a minimal number of captured
data points). In turn, mobile device 18 and/or central serv-
er 20 may identify a beginning of a new period of timeslots
immediately following the unoccupied timeslot (e.g., a
first captured data point after the time period with no
timestamps). Based on the known arrangement of times-
lot periods, mobile device 18 and/or central server 20
may then discriminate between each respective timeslot
in the new period of timeslots and thereby discriminate
between each respective signal segment in the new pe-
riod of timeslots. Further, based on the known arrange-
ment of timeslot periods, mobile device 18 and/or central
server 20 may identify which respective signal segment
was output by which of transmitters 14A-14D. Mobile de-
vice 18 and/or central server 20 may repeat this process
to discriminate between each respective timeslot (and
each respective signal segment) in each period of times-
lots in the received common RF signal. Other examples
are possible as well.
[0047] After discriminating between each respective
timeslot and respective signal segment in the common
drive signal, mobile device 18 and/or central server 20
may process the data representing the signal segment
in each respective timeslot to align the time base of mo-
bile device 18 with the common time base of transmitters
14A-14D. For example, mobile device 18 and/or central
server 20 may (a) slot the captured data points into mod-
ulus buckets, (b) identify the captured data points falling
into the most popular modulus, and (c) perform a least
squares fit on the identified captured data points to gen-
erate an accurate time base. Other examples are possi-
ble as well.
[0048] At step 44, after discriminating between each
respective RF signal that forms the received common RF
signal, mobile device 18 and/or central server 20 may
determine a relative phase shift value of each respective
RF signal. For instance, in each period of timeslots, mo-
bile device 18 and/or central server 20 may first identify
one or more captured data points representing each re-
spective signal segment. Further, mobile device 18
and/or central server 20 may define one signal segment
in the period as a reference signal segment having a
relative phase shift value of 0. For each given segment
in the period other than the reference segment, mobile
device 18 and/or central server 20 may then (a) calculate
a first time difference between the given segment and
the reference segment and (b) calculate a second time
difference between the given segment’s timeslot and the
reference segment’s timeslot (e.g., based on the known
duration of timeslots). In turn, mobile device 18 and/or
central server 20 may calculate the relative phase shift
of the given segment with respect to the reference seg-
ment as the time difference between the first and second
calculated time differences. As mentioned above, Figure
3(d) illustrates the relative phase shift of the respective
signal segment received from each of transmitters 14B-
14D with respect to the signal segment received from

transmitter 14A.
[0049] At step 46, after determining a relative phase
shift value of each respective RF signal, mobile device
18 and/or central server 20 may use the relative phase
shift values and the known location(s) of each of trans-
mitters 14A-14D to determine a location of mobile device
18. For instance, based on the relative phase shift values,
mobile device 18 and/or central server 20 may first cal-
culate the absolute distances between mobile device 18
and each of transmitters 14A-14D using any technique
now known or later developed. In turn, based on the ab-
solute distances between mobile device 18 and each of
transmitters 14A-14D and the known location(s) of each
of transmitters 14A-14D, mobile device 18 and/or central
server 20 may calculate the location of the mobile device
18 using any technique now known or later developed
(e.g., multilateration). For example, based on the abso-
lute distances between mobile device 18 and each of
transmitters 14A-14D and the known location of each of
transmitters 14A-14D within indoor environment 22, mo-
bile device 18 and/or central server 20 may calculate the
location of the mobile device 18 within the indoor envi-
ronment (e.g., local coordinates). As another example,
based on the absolute distances between mobile device
18 and each of transmitters 14A-14D and the known lo-
cation of each of transmitters 14A-14D within a global
environment, mobile device 18 and/or central server 20
may calculate the location of the mobile device 18 within
the global environment (e.g., geographic coordinates).
Other examples are possible as well.
[0050] At step 48, if mobile device 18 determines its
location, mobile device 18 may also report the deter-
mined location to central server 20. At step 50, central
server 20 may then store the determined location of mo-
bile device 18 for future reference.

b. Second Embodiment

[0051] A second embodiment of exemplary method 30
begins at step 32 with CSS 12 driving each of transmitters
14A-14D to output a respective RF signal on a common
time basis and a common carrier frequency in a round-
robin manner. For instance, CSS 12 may be generating
a common drive signal that has repeating periods of
timeslots, each having at least one timeslot assigned to
each of transmitters 14A-14D in a round-robin manner.
Each timeslot may be occupied by a respective signal
segment of the common drive signal that includes a head-
er segment and an identifier segment that uniquely iden-
tifies the assigned transmitter. The arrangement of the
timeslot periods may also have various forms and may
be a known system parameter. In one example, as shown
in Figure 4(a), each period of timeslots of the common
drive signal may be arranged to have a first timeslot as-
signed to transmitter 14A, a second timeslot assigned to
transmitter 14B, a third timeslot assigned to transmitter
14c, and a fourth timeslot assigned to transmitter 14D.
Other examples are possible as well.
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[0052] Each header segment may take various forms.
For example, each header segment in the sequence may
take the form of an integral number of cycles of a square
wave having a frequency in the baseband range (e.g., 5
KHz to 20 KHz). Other examples are possible as well.
Each identifier segment in the sequence may also take
various forms. For example, each identifier segment may
take the form of a bit pattern in which each "1" bit is rep-
resented by plurality of cycles (e.g., 5) of a square wave
having a frequency in an increased baseband range
(e.g., 20 KHz to 100 KHz range) and each "0" bit is rep-
resented by a null signal. Other examples are possible
as well.
[0053] As in the first embodiment, to communicate the
timeslot assignments to transmitters 14A-14D, CSS 12
may additionally be generating for each of transmitters
14A-14D a respective timeslot assignment signal that
identifies which timeslots in the common drive signal are
assigned to the transmitter. Each such timeslot assign-
ment signal may take various forms. For example, as
shown in Figure 4(b), each timeslot assignment signal
may take the form of a bit sequence, with each "1" bit
identifying the timeslot in the parallel common drive sig-
nal as being assigned to the transmitter and each "0" bit
identifying the timeslot in the parallel common drive sig-
nal as being assigned to a different transmitter. Other
examples are possible as well.
[0054] CSS 12 may then be outputting to each of trans-
mitters 14A-14D the common drive signal and a respec-
tive timeslot assignment signal. In this respect, as in the
first embodiment, CSS 12 may be delaying the output of
the common drive signal and a respective timeslot as-
signment signal to at least one of transmitters 14A-14D,
to ensure that all of transmitters 14A-14D receive these
signals on a common time basis. For instance, CSS 12
may be delaying the output of these signals to each of
transmitters 14A-14D in an amount that is inversely pro-
portional to the length of the transmitter’s link (e.g., zero
or minimum delay for the longest link and maximum delay
for the shortest link). Other examples are possible as
well. As a result of CSS 12 outputting to each of trans-
mitters 14A-14D the common drive signal and a respec-
tive timeslot assignment signal, each of transmitters 14A-
14D may then be receiving the common drive signal and
a respective timeslot assignment signal on a common
time basis.
[0055] At step 34, each of transmitters 14A-14D may
be outputting a respective RF signal on a common time
basis and a common carrier frequency in a round-robin
manner (i.e., only one of transmitters 14A-14D is output-
ting an RF signal at any one time). For instance, as shown
in Figure 4(c), each of transmitters 14A-14D may be out-
putting a header and identifier segment of the received
common drive signal during each of its assigned times-
lots as an unmodulated or modulated RF signal on the
common carrier frequency. In this respect, as shown,
each of transmitters 14A-14D may transmit during the en-
tire duration of each assigned timeslot. Alternatively,

however, each of transmitters 14A-14D may stop trans-
mitting before the end of each assigned timeslot, to en-
sure that the transmitter’s output does not overlap with
another transmitter’s output. In either case, each of trans-
mitters 14A-14D may enable its power during each of its
assigned timeslots (as identified by the timeslot assign-
ment signal) and disable its power during any other times-
lot (as identified by the timeslot assignment signal). Other
examples are possible as well.
[0056] At step 36, mobile device 18 may be receiving
a common RF signal on the common carrier frequency
that includes a respective RF signal from each of trans-
mitters 14A-14D. For instance, mobile device 18 may be
receiving a common RF signal on the common carrier
frequency that includes repeating periods of timeslots,
each having at least one timeslot occupied by a respec-
tive header and identifier segment received from each of
transmitters 14A-14D in a round-robin manner. For ex-
ample, as shown in Figure 4(d), each period of timeslots
of the received common RF signal may have a first times-
lot occupied by a header and identifier segment received
from transmitter 14A, a second timeslot occupied by a
header and identifier segment received from transmitter
14B, a third timeslot occupied by a header and identifier
segment received from transmitter 14c, and a fourth
timeslot occupied by a header and identifier segment re-
ceived from transmitter 14D. Further, as shown, the re-
spective signal segments from each of transmitters 14A-
14D may have a phase shift relative to one another due
to the differences in transmission times (and thus dis-
tances) between each of transmitters 14A-14D and mo-
bile device 18. (While Figure 4(d) depicts the timeslots
of the received common RF signal as being defined
based on the signal segment received from transmitter
14A, it should be understood that the timeslots may al-
ternatively be defined based on a signal segment re-
ceived from one of transmitters 14B-14D.) Other exam-
ples are possible as well.
[0057] At step 38, mobile device 18 may capture data
representing the received common RF signal. For in-
stance, mobile device 18 may capture a timestamp of
each rising and/or falling edge of the header and identifier
segments. Other examples are possible as well. At step
40, mobile device 18 may also optionally report the cap-
tured data representing the received common RF signal
to central server 20.
[0058] At step 42, based on the captured data repre-
senting the received common RF signal, mobile device
18 and/or central server 20 may discriminate between
each respective RF signal that forms the received com-
mon RF signal. For instance, based on the captured data
representing the received common RF signal, mobile de-
vice 18 and/or central server 20 may first identify the iden-
tifier segments of the received common RF signal. Mobile
device 18 and/or central server 20 perform this identifi-
cation in various manners. In one example, mobile device
18 and/or central server 20 may search for segments of
the common drive signal that take the form of a bit pattern
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in which each "1" bit is represented by plurality of cycles
(e.g., 5) of a square wave having a frequency in an in-
creased baseband range (e.g., 20 KHz to 100 KHz range)
and each "0" bit is represented by a null signal. These
segments may appear to mobile device 18 and/or central
server 20 as time periods with a large number of captured
data points. Other examples are possible as well. Based
on these identifier segments and the known arrangement
of timeslots, mobile device 18 and/or central server 20
may then discriminate between each respective timeslot
in the common drive signal and thereby discriminate be-
tween each respective signal segment received in the
common drive signal.
[0059] After discriminating between each respective
timeslot and respective signal segment in the common
drive signal, mobile device 18 and/or central server 20
may process the data representing the header segment
in each respective timeslot to align the time base of mo-
bile device 18 with the common time base of transmitters
14A-14D. For example, mobile device 18 and/or central
server 20 may (a) slot the captured data points into mod-
ulus buckets, (b) identify the captured data points falling
into the most popular modulus, and (c) perform a least
squares fit on the identified captured data points to gen-
erate an accurate time base. Other examples are possi-
ble as well. In turn, mobile device 18 and/or central server
20 may use the aligned time base of mobile device 18 to
accurately determine the pattern of the identifier segment
in each respective signal segment, and thus identify
which respective signal segment was output by which of
transmitters 14A-14D. Other examples are possible as
well.
[0060] At step 44, after discriminating between each
respective RF signal that forms the received common RF
signal, mobile device 18 and/or central server 20 may
determine a relative phase shift value of each respective
RF signal. For instance, in each period of timeslots, mo-
bile device 18 and/or central server 20 may first identify
one or more captured data points representing each re-
spective identifier segment (e.g., a timestamp of a first
rising edge of each identifier segment). Mobile device 18
and/or central server 20 may then define one identifier
segment in the period as a reference identifier segment
having a relative phase shift value of 0. For each given
identifier segment in the period other than the reference
identifier segment, mobile device 18 and/or central server
20 may then (a) calculate a first time difference between
the given identifier segment and the reference identifier
segment and (b) calculate a second time difference be-
tween the given identifier segment’s timeslot and the ref-
erence identifier segment’s timeslot (e.g., based on the
known duration of timeslots). In turn, mobile device 18
and/or central server 20 may calculate the relative phase
shift of the given identifier segment (and thus the given
signal segment) with respect to the reference identifier
segment (and thus the reference signal segment) as the
time difference between the first and second calculated
time differences. As mentioned above, Figure 4(d) illus-

trates the relative phase shift of the respective signal seg-
ment received from each of transmitters 14B-14D with
respect to the signal segment received from transmitter
14A.
[0061] At step 46, after determining a relative phase
shift value of each respective RF signal, mobile device
18 and/or central server 20 may use the relative phase
shift values and the known location(s) of each of trans-
mitters 14A-14D to determine a location of mobile device
18. For instance, based on the relative phase shift values,
mobile device 18 and/or central server 20 may first cal-
culate the absolute distances between mobile device 18
and each of transmitters 14A-14D using any technique
now known or later developed. In turn, based on the ab-
solute distances between mobile device 18 and each of
transmitters 14A-14D and the known location(s) of each
of transmitters 14A-14D, mobile device 18 and/or central
server 20 may calculate the location of the mobile device
18 using any technique now known or later developed
(e.g., multilateration). For example, based on the abso-
lute distances between mobile device 18 and each of
transmitters 14A-14D and the known location of each of
transmitters 14A-14D within indoor environment 22, mo-
bile device 18 and/or central server 20 may calculate the
location of the mobile device 18 within the indoor envi-
ronment (e.g., local coordinates). As another example,
based on the absolute distances between mobile device
18 and each of transmitters 14A-14D and the known lo-
cation of each of transmitters 14A-14D within a global
environment, mobile device 18 and/or central server 20
may calculate the location of the mobile device 18 within
the global environment (e.g., geographic coordinates).
Other examples are possible as well.
[0062] At step 48, if mobile device 18 determines its
location, mobile device 18 may also report the deter-
mined location to central server 20. At step 50, central
server 20 may then store the determined location of mo-
bile device 18 for future reference.

C. Third Embodiment

[0063] A third embodiment of exemplary method 30
begins at step 32 with CSS 12 driving each of transmitters
14A-14D to output a respective RF signal on a common
time basis and a different carrier frequency. For instance,
CSS 12 may be generating a separate drive signal for
each of transmitters 14A-14D, with each drive signal hav-
ing a different frequency. Each separate drive signals
may take various forms. For example, each separate
drive signal may be a sinusoidal wave having a frequency
in the long-wave band range (e.g., 148.5 KHz to 283.5
KHz). Other examples are possible as well. CSS 12 will
preferably select the different frequencies such that each
separate drive signal includes an integral number of cy-
cles during a commonly-defined duration. For example,
as shown in Figure 5, CSS 12 may generate separate
drive signals having frequencies of 250, 225, 200, and
175 KHz respectively, such that each separate drive sig-

15 16 



EP 2 420 857 A1

10

5

10

15

20

25

30

35

40

45

50

55

nal includes an integral number of cycles (10, 9, 8, and
7 respectively) during a 40 microsecond window. Other
examples are possible as well.
[0064] CSS 12 may then be outputting a separate drive
signal to each of transmitters 14A-14D. In this respect,
CSS 12 may be delaying the output of the separate drive
signal to at least one of transmitters 14A-14D, to ensure
that all of transmitters 14A-14D receive these signals on
a common time basis. For instance, CSS 12 may be de-
laying the output of the separate drive signal to each of
transmitters 14A-14D in an amount that is inversely pro-
portional to the length of the transmitter’s link (e.g., zero
or minimum delay for the longest link and maximum delay
for the shortest link). Other examples are possible as
well. As a result of CSS 12 outputting a separate drive
signal to each of transmitters 14A-14D, each of transmit-
ters 14A-14D may then be receiving the a separate drive
signal on a common time basis.
[0065] At step 34, each of transmitters 14A-14D may
be outputting a respective RF signal on a common time
basis and a different frequency. For instance, each of
transmitters 14A-14D maybe outputting its separate drive
signal as an unmodulated or modulated RF signal on a
respective carrier frequency. Other examples are possi-
ble as well.
[0066] At step 36, mobile device 18 maybe receiving
a respective RF signal from each of transmitters 14A-14D
on a different carrier frequency. For example, mobile de-
vice 18 may receive a first RF signal from transmitter 14A
on a first frequency, a second RF signal from transmitters
14B on a second frequency, a third RF signal from trans-
mitter 14c on a third frequency, and a fourth RF signal
from transmitter 14c on a fourth frequency. Other exam-
ples are possible as well.
[0067] At step 38, mobile device 18 may capture data
representing the respective RF signal from each of trans-
mitters 14A-14D. For instance, mobile receiver 18 may
simultaneously capture a signal strength value of each
respective RF signal at a given sampling rate (e.g., 50
MHz) during a given duration (e.g., a 44 microsecond
window). Other examples are possible as well. At step
40, mobile device 18 may also optionally report the cap-
tured data representing the received common RF signal
to central server 20.
[0068] At step 42, mobile device 18 and/or central serv-
er 20 may discriminate between each respective RF sig-
nal based on the respective carrier frequency of each
respective RF signal. In turn, at step 44, mobile device
18 and/or central server 20 may determine a relative
phase shift value of each respective RF signal. For in-
stance, mobile device 18 and/or central server 20 may
first fit sine waves to the data representing each respec-
tive RF signal (e.g., using a sliding correlator algorithm).
Mobile device 18 and/or central server 20 may then de-
fine one respective RF signal as a reference signal having
a relative phase shift value of 0. (Mobile device 18 and/or
central server 20 may also use the reference signal to
align the time base of mobile device 18 with the common

time base of transmitters 14A-14D). For each respective
RF signal other than the reference signal, mobile device
18 and/or central server 20 may then calculate a first
phase difference between the respective RF signal and
the reference signal and (b) calculate a second phase
difference between the respective RF signal’s carrier fre-
quency and the reference signal’s carrier frequency. In
turn, mobile device 18 and/or central server 20 may cal-
culate the relative phase shift of the respective RF signal
with respect to the reference signal as the difference be-
tween the first and second calculated phase differences.
Other examples are possible as well.
[0069] At step 46, after determining a relative phase
shift value of each respective RF signal, mobile device
18 and/or central server 20 may use the relative phase
shift values and the known location(s) of each of trans-
mitters 14A-14D to determine a location of mobile device
18. For instance, based on the relative phase shift values,
mobile device 18 and/or central server 20 may first cal-
culate the absolute distances between mobile device 18
and each of transmitters 14A-14D using any technique
now known or later developed. In turn, based on the ab-
solute distances between mobile device 18 and each of
transmitters 14A-14D and the known location(s) of each
of transmitters 14A-14D, mobile device 18 and/or central
server 20 may calculate the location of the mobile device
18 using any technique now known or later developed
(e.g., multilateration). For example, based on the abso-
lute distances between mobile device 18 and each of
transmitters 14A-14D and the known location of each of
transmitters 14A-14D within indoor environment 22, mo-
bile device 18 and/or central server 20 may calculate the
location of the mobile device 18 within the indoor envi-
ronment (e.g., local coordinates). As another example,
based on the absolute distances between mobile device
18 and each of transmitters 14A-14D and the known lo-
cation of each of transmitters 14A-14D within a global
environment, mobile device 18 and/or central server 20
may calculate the location of the mobile device 18 within
the global environment (e.g., geographic coordinates).
Other examples are possible as well.
[0070] At step 48, if mobile device 18 determines its
location, mobile device 18 may also report the deter-
mined location to central server 20. At step 50, central
server 20 may then store the determined location of mo-
bile device 18 for future reference.

IV. Alternatives

[0071] The systems and methods described above are
directed to determining a location of a mobile device with-
in an indoor environment. It should be understood, how-
ever, that the techniques described herein are not limited
to any particular environment, and are thus equally ap-
plicable to determining a location of a mobile device in
an outdoor or other environment.
[0072] The logic, data, software, or instructions for im-
plementing the systems, processes, methods and/or
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techniques discussed above are provided on computer-
readable storage media or memories or other tangible
media, such as a cache, buffer, RAM, removable media,
hard drive, other computer readable storage media, or
any other tangible media. The tangible media include var-
ious types of volatile and nonvolatile storage media. The
functions, acts, steps, or tasks illustrated in the figures
or described herein are executed in response to one or
more sets of logic or computer-executable instructions
stored in or on computer readable storage media. The
functions, acts or tasks are independent of the particular
type of instructions set, storage media, processor or
processing strategy and may be performed by software,
hardware, integrated circuits, firmware, micro code and
the like, operating alone or in combination. Likewise,
processing strategies may include multiprocessing, mul-
titasking, parallel processing and the like. In one embod-
iment, the instructions are stored on a removable media
device for reading by local or remote systems. In other
embodiments, the logic or instructions are stored in a
remote location for transfer through a computer network
or over telephone lines. In yet other embodiments, the
logic or instructions are stored within a given computer,
central processing unit ("CPU"), and/or graphics
processing unit ("GPU") or system.
[0073] It is intended that the foregoing detailed descrip-
tion be regarded as illustrative rather than limiting and
that it is understood that the following claims including
all equivalents are intended to define the scope of the
invention.

Claims

1. A method of determining a location of a mobile de-
vice, the method comprising:

receiving, into a mobile device, a common RF
signal on a common carrier frequency,
wherein the common RF signal includes a re-
spective RF signal output by each of three or
more transmitters on a common time basis in a
round-robin manner, and wherein each of the
three or more transmitters is positioned at a
known location;
capturing data representing the common RF sig-
nal;
based on the captured data, discriminating be-
tween each respective RF signal that forms the
received common RF signal;
determining a relative phase shift of each re-
spective RF signal; and
determining the location of the mobile device
based on the determined relative phase shifts
and the known locations of the three or more
transmitters.

2. The method of claim 1, wherein the common RF sig-

nal comprises repeating periods of timeslots, and
wherein each period of timeslots includes at least
one timeslot occupied by a respective signal seg-
ment output by each of the three or more transmitters
in a round-robin manner.

3. The method of claim 2, wherein each period of times-
lots further includes at least one unoccupied timeslot
that distinguishes the period of timeslots from an ad-
jacent period of timeslots.

4. The method of claim 2, wherein each respective sig-
nal segment comprises an integral number of cycles
of a periodic signal.

5. The method of claim 2, wherein each respective sig-
nal segment comprises a header segment and an
identifier segment that uniquely identifies one of the
three or more transmitters.

6. The method of claim 1, wherein capturing the data
representing the common RF signal comprises cap-
turing a timestamp of each zero-crossing of the com-
mon RF signal.

7. The method of claim 1, wherein capturing the data
representing the common RF signal comprises cap-
turing a timestamp of each edge of the common RF
signal.

8. The method of claim 1, wherein discriminating be-
tween each respective RF signal that forms the re-
ceived common RF signal comprises identifying
which of the respective RF signals was output by
which of the three or more transmitters.

9. The method of claim 1, wherein determining the lo-
cation comprises the mobile device determining the
location, the method further comprising:

the mobile device reporting the determined lo-
cation to a server.

10. The method of claim 1, further comprising the mobile
device reporting the captured data to a server,
wherein determining the relative phase shift of each
respective RF signal comprises the server determin-
ing the relative phase shift of each respective RF
signal, and wherein determining the location com-
prises the server determining the location.

11. The method of claim 1, wherein the location of the
mobile device comprises one or both of a local co-
ordinate and a geographic coordinate.

12. A system configured to determine a location of a mo-
bile device, the system comprising:
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a common signal source (CSS); and
three or more transmitters coupled to the CSS
via a respective link, wherein each of the three
or more transmitters are positioned at a known
location, wherein the CSS is configured to drive
the three or more transmitters to output a re-
spective radio frequency (RF) signal on a com-
mon time basis and a common carrier frequency
in a round-robin manner, and wherein the three
or more transmitters are configured to output a
respective RF signal on a common time basis
and a common carrier frequency in a round-rob-
in manner, and
wherein data representing a common RF signal
on the common carrier frequency is received via
a mobile device, wherein the common RF signal
includes the respective RF signal output by each
of the three or more transmitters, wherein, based
on the received data, each respective RF signal
that forms the received common RF signal is
discriminated, wherein a relative phase shift of
each respective RF signal is determined, and
wherein the location of the mobile device is de-
termined based on the determined relative
phase shifts and the known locations of the three
or more transmitters.
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